reserved.
Recombinant Rat Stem Cell Factor Stimulates the Amplification and Differentiation of Fractionated Mouse Stem Cell Populations
By Neil Williams, Ivan Bertoncello, Helen Kavnoudias, Kris Zsebo, and Ian McNiece
The role of recombinant rat stem cell factor (rrSCF) was studied on defined primitive bone marrow cell populations. In agar culture of 500 lineage-negative/Sca-1-positive (Lin-/ Sca-1+) cells, rrSCF alone stimulates small colonies of predominantly granulocytic cells. The combinations of rrSCF plus interleu kin-3 (IL-3). granulocyte-macrophage colony-stimulating factor (GM-CSF), or macrophage CSF (CSF-1) stimulated primitive progenitor cells defined as high proliferative potential colony-forming cells (HPP-CFC). Synergistic increases in total colony numbers were obtained with rrSCF plus GM-CSF, granulocyte CSF (G-CSF), CSF-1, or IL-6, but not IL-1 or IL-3. Lin-/Sca-1' cells were incubated in liquid culture at 3,000 cells/mL for 6 days in the presence of rrSCF alone or in combination with other growth factors. The total number of cells was increased twofold in the presence of rrSCF, with the progeny primarily myeloid in nature. The greatest in-HE PRODUCTS of the dominant white spotting (W)
T and steel (SI) loci are critical in the normal regulation of hematopoiesis.14 Mutations at these loci result in microenvironmental hematopoietic abnormalities in mice influencing cellular feedout into blood A stromal-derived growth factor, termed stem cell factor (SCF), c-kit ligand, or mast cell growth factor (MGF) has recently been The c-kit proto-oncogene has been identified as the receptor for SCF.".I2 When administered to Sl/Sld mice, recombinant rat SCF (rrSCF) markedly reduces the macrocytic anemia, and stimulates a strong thrombopoietic re~ponse.'~ In agar culture of mouse bone marrow, rrSCF has been shown to synergize with macrophage colony-stimulating factor (CSF-l), interleukin-1 (IL-l), IL-3, IL-6, and IL-7, enhancing the number and size of myeloid and lymphoid colonies f~rmed.'.~,'~ Similarly recombinant human SCF (rhSCF) synergizes with granulocyte CSF (G-CSF), granulocyte-monocyte CSF (GM-CSF), IL-3 and erythropoietin (Epo) in agar culture of human bone marrow enhancing the size and number of myeloid and erythroid Cumulatively, these data suggest that SCF is an early-acting factor required for the normal development of hematopoietic cells of all blood lineages. Recent studies by several groups have studied the stimulatory effect of SCF/MGF on highly enriched cell populations. Enriched human bone 
MATERIALS AND METHODS
Murine bone marrow suspensions. Ten to 12-week-old specific pathogen-free (C57BL16J x DBA2)Fl mice, were purchased from Animal Resources Centre (Perth, Western Australia). Bone marrow cell suspensions were prepared from groups of up to 40 mice, following anesthetization (Fluothane, IC1 Australia, Operations Proprietary) and cervical dislocation, by flushing femoral shafts with cold Hepes-buffered balanced salt solution (BSS) containing 2% newborn calf serum.
Rat monoclonal antibodies directed against murine hematopoietic lineage antigens were used to prepare Lin-cells. A11ti-714,'~ and anti-B220 (Clone RA3.6B2)20 monoclonal antibodies were obtained as tissue culture supernatants, and anti-Lyt-2 (Clone YTS 169.4), and anti-L3T4 (clone YTS 191.1) monoclonal antibodies were purchased from Sera Lab (Crawley Down, Sussex, UK). Antibodies were diluted in phosphate-buffered saline (PBS, pH 7.4, 290 mOsm) supplemented with 5% newborn bovine serum (binding buffer), optimal dilutions being determined by flow cytometric analysis.
Negative immunomagnetic selection was performed using Sheep anti-rat IgG (Fc)-conjugated immunomagnetic beads (M450 Dyna- Low-density bone marrow cells (< 1.085 g/cm3) were isolated by discontinuous density gradient centrifugation using Nycodenz (Nyegaard, Oslo, Norway), and resuspended at 5 x lo' cells per mL by adding equal volumes of binding buffer and antibody cocktail. After incubation for 30 minutes on ice, labeled cells were washed three times in binding buffer and resuspended at 106 cells per mL in binding buffer supplemented with 0.25% newborn bovine serum. Primary antibodylabeled cells were then incubated with anti-rat IgG conjugated immunomagnetic beads at 4°C for 45 minutes with end-over-end rotation at a 1O:l bead to cell ratio. Immunomagnetic beadrosetted cells were removed using a magnetic particle concentrator (Dynal MPC-1)'' Unrossetted link cells were resuspended at 5 x lo7 cells per mL and incubated for a further 30 minutes on ice with a supra-optimal concentration of unconjugated goat anti-rat F(ab'), IgG to block any residual primary antibody labeled cells. The cells were then labeled with the E13 161-7 antibody directed against the Ly6A/E antigen (Sca-l)?, and incubated for 30 minutes on ice. Labeled cells were then washed three times in binding buffer, and then labeled with affinity isolated, mouse serum adsorbed R-phycoerythrin conjugated goat anti-rat F(ab'), y and light chain IgG phycoerythrin-conjugated antibody (Tago, Burlingame, CA) for a further 30 minutes on ice. The cells were then washed twice and resuspended in binding buffer supplemented with 0.25% newborn bovine serum, and held on ice in preparation for flow cytometric analysis and cell sorting.
Monoclonal antibodies and immunomagnetic beads.
Cells with the predetermined light scattering properties of hematopoietic progenitorsU were analyzed and sorted at 4°C at a rate of 5,000 cells/s on a FACStar Plus Cell Sorter (Becton Dickinson, Mountain View, CA) equipped with a 5-W argon ion laser (Coherent Innova 90, Palo Alto, CA) running at 200 mW power. Low-angle forward light scatter and 90" light scatter were collected through a 488-nm band pass filter, and a 1 decade log neutral density filter in the forward light scatter path. Red fluorescence pulses were collected through a 585-nm band pass filter. Gating of Sca-1' cells was determined using the preblocked Lin-cells described above, which were then labeled with R-phycoerythrin second antibody alone, and the gate set such that background fluorescence was no greater than 5%.
Single Lin-/Sca-l' cells were sorted and cloned in 96-well microtiter trays (Flow Laboratories, McLean, VA) in 200 pL of medium supplemented with relevant growth factors using the FACStar Plus cell sorter fitted with an automated cell deposition unit. For single-cell deposition, the instrument was operated at a flow rate of approximately 100 cells per second in counter mode, deflecting a single droplet into a well prefilled with medium and growth factors. Accurate droplet, deflection was verified using fluorescent beads. At day 6 of culture, positive wells were scored and graded, and cells were harvested for replating in clonal agar culture.
Sca-1' cells were sorted from the same Lin-preparations as were used for single-cell deposition and were cultured in duplicate teflon bottles (Nalge, Rochester, NY) at a cell density of 15,000 per 5 mL in medium supplemented with growth factor combinations. At day 7 of culture, teflon bottles were harvested, cell counts were performed, and cells were replated in clonal agar culture. Residual cells were used to prepare cytospins for cell morphology. Growth factors. Recombinant growth factors were prepared as previously described; mouse granulocyte-macrophage CSF (rmGM-CSF),= human granulocyte CSF (rhG-CSF),z human IL-6,Z6 and rrSCF* were purified from inclusion bodies formed in Escherichia coli containing the appropriate expression plasmid. The recombinant factors were purified to greater than 99% purity.
Recombinant human macrophage CSF (rhCSF-1) was obtained from Cetus (Emeryville, CA). Recombinant murine IL-3 was prepared from conditioned medium prepared from T cells.z7 Recombinant human interleukin-1 OL (rhIL-1) was obtained from Dainippon Pharmaceutical, Tokyo, Japan.
Predetermined optimal doses of each factor were used in all cultures and are presented for a volume of 1.5 m L rmGM-CSF, 20 ng; rhG-CSF, 100 ng; rhCSF-l,1,600 U; rhIL-1, 10 ng; rmIL-3,100 pL; rhIL-6,100 ng; rrSCF, 100 ng.
CFC with low or high proliferative potential (LPP-CFC, HPP-CFC) and megakaryocyte progenitors (CFU-Mk) were assayed to indicate distinct progenitor cell classes within the differentiation sequence as previously de~cribed.~.'~ Cultures were incubated for 14 days, after which time colony formation was determined using a dissecting microscope. HPP-CFC typically form colonies greater than 0.5 mm in diameter containing at least 50,000 cells, and are functionally defined as primitive cells by their relative resistance to 5-fluorouracil, their synergistic growth factor requirement, and their copurification with long-term reconstituting cells.30 LPP-CFC typically form colonies less than 0.5 mm in diameter and contain greater than 50 cells. use only.
For Experiments were performed to establish if rrSCF was uniquely required for HPP-CFC and/or LPP-CFC colony formation from Sca-1' or Sca-1-cells. #en added as a single factor, rrSCF did not stimulate colony formation from Sca-1-cells (Table 1) . However, rrSCF did promote the formation of small colonies from Sca-1' cells (Table 2) . Colony morphology was assessed on days 4, 6 and 8 of culture and all colonies were predominantly ( > 95%) granulocytic. Cells within the colonies did not mature beyond the metamyelocyte stage and both cytoplasmic and nuclear degeneration was observed by day 6.
#en added in combination with other growth factors, rrSCF was highly active in stimulating colony formation. HPP-CFC were detected in cultures of Lin-/Sca-l-cells only in the presence of rrSCF + rmIL-3 + rhCSF-1, rhCSF-1 + rmIL-3 + rhIL-1, or rmIL-3 + rhCSF-1. By comparison, HPP-CFC could be stimulated under a wide array of growth factor combinations in cultures of Lin-/ Sca-1' cells. rmIL-3 was active as a single stimulator, rrSCF synergized with both rmIL-3 and rmGM-CSF in two-factor combinations, and most three-factor combinations stimulated HPP-CFC colony formation. rrSCF did not synergize with recognized candidate stimulators of primitive hematopoietic cells, namely rhIL-1 and rhIL-6.3z-M rrSCF was effective in synergizing with rmGM-CSF, rhG-CSF, rhIL-6, and rhCSF-1, but not rmIL-3 or rhIL-1 to stimulate LPP-CFC formation in culture of Lin-/Sca-1' cells (Table 2 ). In culture of Lin-/Sca-l-cells, rrSCF synergized only with rmGM-CSF to stimulate LPP-CFC colony formation (Table 1) .
The ability of rrSCF to stimulate megakaryocytopoiesis was also investigated. rrSCF did not either directly stimu- Table 1 . Effect of SCF on Hematopoietic Progenii late, or synergize with, rmIL-3 or rhIL-6 to promote the growth of megakaryocyte colonies. A more primitive megakaryocyte progenitor (burst-forming unit-megakaryocyte [BFU-Mk]) has been r e p~r t e d ?~ but no larger or novel megakaryocyte colonies were detected at later times of cultures.
Deposition of single Lin-/Sca-1' cells into microtiter wells was performed to establish whether rrSCF directly interacts with single precursors (Tables 3 and 4) ; rmIL-3 was the most active single growth factor directly stimulating primitive progenitor cells. rrSCF acted in synergy with each of rhIL-6, rmIL-3, and rhG-CSF (Table 3) . Cells were taken from positive wells at day 6 and replated in agar clonal assays for HPP-CFC and the lineage-committed LPP-CFC and CFU-Mk. No growth factor, either alone or in combination, sustained HPP-CFC in a high proportion of positive wells (Table 4 ). Of the wells in which HPP-CFC could be detected, rrSCF with either rmIL-3 or rhIL-6 best sustained HPP-CFC subpopulations. Significant cellular amplification was observed with feedout into committed progenitors (LPP-CFC) ( Table 4 ). The combination of rrSCF plus rmIL-3 generated up to 400 CFC per well from a single cell.
The effect of rrSCF on the amplification and differentiation of primitive precursors was determined by analyzing the growth of Lin-/Sca-1' cells in liquid culture in teflon bottles. Cells were harvested after 7 days and cell number, cell morphology, and progenitor cell numbers determined. Table 5 shows that rrSCF induced a twofold increase in cell number, a 30-fold increase in LPP-CFC, and sustained input levels of HPP-CFC and CFU-Mk. This contrasted with cultures containing rhG-CSF or rhIL-6 alone, where a marked decrease in HPP-CFC, a twofold increase in cell number, a fourfold increase in LPP-CFC, and a total loss of CFU-Mk was observed. rmIL-3 was the most active single factor, stimulating a 15-fold increase in cell number and a 100-fold increase in LPP-CFC, while sustaining HPP-CFC.
:ors Present in Lin-/Sca-l-Bone Marrow Cells
No CFU-Mk were maintained in these cultures. As seen in the single-cell deposition experiments, the combination of rrSCF with rmIL-3, rhIL-6, or rhG-CSF resulted in increased cell division and differentiation (Table 5 ). Compared with input values, rrSCF plus rmIL-3 induced a 40-fold increase in cell number, a 500-fold increase in LPP-CFC, and a 10-fold increase in HPP-CFC. Interestingly, CFU-Mk were not sustained in these cultures. rrSCF plus rhIL-6 was less active than rrSCF plus rmIL-3, but stimulated all cell classes monitored, preferentially maintaining HPP-CFC and CFU-Mk. All factors and combinations of factors resulted in predominantly neutrophils and macrophages after 7 days culture in the teflon bottles. Only rrSCF alone sustained a significant proportion of blast cells (22% compared with 95% of striating cells, and 1% with rmIL-3).
DISCUSSION
In this study, the effects of rrSCF alone and in combination with other growth factors on defined primitive progeni- with Lin-/Sca-1' cells being primitive cells." rrSCF also synergized with G-CSF; however, in contrast to the synergistic effects of rrSCF with both IL-3 and IL-6, rrSCF plus G-CSF had little capacity to maintain progenitor cell classes and the progeny was restricted to polymorphic neutrophilic granulocytes. The relative capacity of combinations of rrSCF and other cytokines to bias primitive cell maintenance versus amplification into committed progenitor cell classes can be estimated from the suspension culture data (Table 5 ). The LPP-CFC to HPP-CFC ratio at the end of the culture period reflects the degree of committed progenitor expansion relative to the maintenance of the primitive HPP-CFC compartment (Table 6 ). The combination of rrSCF plus rhIL-6 best maintained the ratio of the enriched starting cell population, indicating that this combination sustained primitive cells relative to feedout into the committed cell compartment. Other combinations preferentially amplified the committed progenitor compartments. It is of note that rrSCF plus rmIL-3 did sustain HPP-CFC (Table 5) at levels similar to rrSCF plus rhIL-6; however, rrSCF plus rmIL-3 also produced a greatly expanded LPP-CFC pool, leading to massive total expansion of total progenitor cells. Results were derived from Table 5 . HPP-CFC were assayed in the presence of rhlL-1 + rmlL-3 + rhCSF-1. LPP-CFC were assayed in the presence of rhCSF-1. All colonies were scored using the criteria described in the Materials and Methods.
rrSCF also modulated events within other hematopoietic lineages. In liquid culture, rrSCF alone maintained committed megakaryocyte progenitors, but did not preferentially stimulate or synergize with other growth factors to enhance megakaryocyte colony formation in semisolid agar culture. Thus, the ability of rrSCF to produce thrombocytosis in SI/Sld mice'3 may reflect its capacity to sustain an expanded progenitor cell pool. The role of rrSCF in the generation of B cells from Lin-/Sca-1' cells was also studied since a synergistic interaction between rrSCF and IL-7 on pro-B cells has been reported previo~sly.'~ Pre-B cell colony formation with rrSCF plus IL-7 was only observed in one of three experiments in this study using both unfractionated or Lin-/Sca-1' cells. This variability appears to be due to mouse strain differences and is currently under investigation.
The data presented in this study are consistent with recent reports by other groups, who have examined the role of SCF/MGF on highly enriched populations. In studies of primitive human progenitor cell populations, SCF/MGF was shown to have little stimulatory effect alone; however, when synergized with other cytokines, it promoted increased colony numbers and colony Bernstein et a1 demonstrated the direct effects of SCF in combination with other cytokines at the single cell level and demonstrated the generation of CFC from a pre-CFC population.'6 Our data show a similar role of SCF on highly enriched primitive mouse progenitor cell populations at the single-cell level and demonstrate the maintenance of HPP-CFC with massive generation of committed CFC. Our data are also consistent with the recent report by de Vries et al, who demonstrated that MGF can stimulate an increase in day 14 CFU-S (which is closely correlated to HPP-CFC"), when cultured with IL-3 or IL-1.18 In conclusion, our studies have demonstrated that SCF acts directly at the single-cell level. rrSCF in combination with rmIL-3 or rhIL-6 was able to sustain HPP-CFC population, indicating that under highly controlled cytokine conditions, rrSCF may be a key molecule in maintenance of primitive precursor populations. 
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